Abstract. Coherent spin-dependent electronic transport is investigated in a molecular junction based on oligophenylene attached to two the semi-infinite ferromagnetic (FM) electrodes with finite cross sections. The work is based on the tight-binding Hamiltonian model and within the framework of a non-equilibrium Green's function (NEGF) technique. It is shown that tunnel magnetoresistance (TMR) of molecular junction can be large (over 60 %) by adjusting the related parameters, and depends on: (i) the applied voltages and (ii) the length of oligophenylele molecule.
Introduction
Spintronics is an exciting field of research where electron spin, in addition to charge, is exploited for electronic device application. The ability to manipulate and detect spin offers the potential of a new paradigm for electrical devices. It has been suggested that adding the spin degree of freedom to conventional charge-based electronic devices or using spin alone has the potential advantages of nonvolatility, increased data processing speed, decreased electric power consumption, and increased integration densities compared with conventional semiconductor devices [1] . One of the most successful spintronic devices to date is the magnetic sensor composed of a magnetic tunnel junction exhibiting the tunneling magnetoresistance effect. Tunnel magnetoresistance effect in systems with spin-polarized transport is at the heart of spintronic [2] and has found important applications in information storage technology. A basic TMR device consists of a tunnel barrier separating two ferromagnetic (FM) metal layers which play the role of device leads. Magnetoresistance refers to a change in the electrical current when the relative magnetization of the ferromagnetic electrodes changes their alignment [3] . The TMR effect [4] originates from the quasi-particle electronic structure of the ferromagnetic electrodes which depends on their magnetization orientation. The tunneling conductance tends to be smallest when the orientations are opposite, leading to a spin valve character [4] [5] [6] [7] [8] . Recent experimental data have clearly demonstrated that spin-polarized injection and transport in molecular spintronic devices are not only possible, but also efficient. There have been several investigations of spin-transport through organic molecules. These include carbon nanotube spin valves [9] , hot electron coherent spin transfer across molecular bridges [10] , spin-injection in π-conjugated molecules [11] [12] and organic tunneling junctions [13] . At the same time a few seminal theoretical studies on transport through 1, 4-benzene-dithiolate molecular spin-valves [14] [15] and molecular magnets [16] have appeared. These calculations, based on density functional theory or tight-binding model, have shown that by changing the magnetic alignment of the contacts one can substantially affect the electronic current in the molecular devices. Recently charge transport of metal-moleculemetal junctions based on oligophenylenes has been investigated theoretically [17] . However, we believe that no theoretical study on spin-polarized transport through a molecular junction based on oligophenylene and its TMR effect, based on tight-binding method, has so far been reported. In this paper, we calculate the spin currents through the oligophenylene molecule, sandwiched between two the semi-infinite FM electrodes with simple cubic structure and square cross section (xy plane). The model of such a structure is shown schematically in figure 1 . This paper is organized as follows: in Section 2, we give a model and the description of the method. The results and discussion are presented in section 3, followed by a conclusion in section 4. 
Methodology
Assuming elastic scattering and neglecting spin-flip scattering and spin precession in the tunneling process because of the weak spin-orbit and hyperfine interaction expected in the p-conjugated organic layer [11] , this implies that spin up electrons only tunnel to and from spin up states, and vice versa. Spin currents between two the magnetic electrodes can be written as I=I +I¯ , where I and I¯ are the contributions from spin-up and spin-down states. In the low-bias limit, the spin currents as a function of the applied voltage V can be calculated in the framework of the Landauer-Büttiker formula based on the NEGF method [18] [ ] e m e m e e
Here σ=↑¸↓ is the spin index, f is the equilibrium Fermi distribution and µ L,R =E F ±eV/2 are the electro-chemical potentials of the electrodes in terms of the common Fermi energy E F for the left (L) and right (R) electrodes. The transmission probability T σ (ε, V) can be expressed in terms of the Green's function of the molecule and the coupling of the system molecule with the two electrodes by the expression
where G σ r and G σ a are, respectively, the retarded and advanced Green's function of the molecule. The Г L(R),σ is the coupling terms due to the coupling of the molecule with the (L) and (R) electrodes, respectively. For a complete system, i.e., the molecule with the two electrodes, the Green's function is defined as
where ζ is a very small number which can be put as zero in the limiting approximation. The above Green's function corresponds to the inversion of an infinite matrix which consists of the finite molecule and the two semi-infinite electrodes. It can be partitioned into different sub-matrices that correspond to the individual sub-systems. The effective Green's function for the molecule can be written as (5) where c † i, s (c i, s ) creates (destroys) an electron with spin s at site i of the molecular system and e i, s is the on-site energy and t i, i+1 is hopping integral and is equal to t¢ for the nearest neighbors. In the equation (4)
RM are the self-energy terms due to the two electrodes, g L,σ and g R,σ are, respectively, the surface Green's function for the (L) and (R) electrodes, h aM is the coupling matrice and it will be non-zero only for the adjacent points in the molecule and the electrode a(=L,R). The coupling terms Г L,σ and Г R,σ for the molecule can be calculated through the expression [18] ] [ 
Here, l x,y (=1,...,N x,y ) are integers, k z Î[-p/a,p/a], and N b with b=x,y,z is the number of lattice sites in the b direction. Note that N x and N y corresponds to the number of atoms at the cross-section of electrodes. ε 0 is the spin independent on-site energy in the electrodes, and will be set to 3t where t is the hopping strength between nearest-neighbor sites in the (L) and (R) electrodes and ε is injection energy of the transmitting electron.
By calculating the self-energies, the coupling terms Γ L,s and Γ R,s can be easily obtained and then the transmission probability (T s ) and current (I s ) will be computed from the expression as mentioned in equation (1) and (2) . In the semi-infinite FM electrodes described by the single-band tight-binding model, only the central site at the cross section is connected to the molecule. In this case, tunnel magnetoresistance is defined as a relative change in the current of the system when the magnetizations of the two ferromagnetic layers switch between parallel (P) and anti-parallel (AP) configurations (figure 1), hence: TMR≡(I P I AP )/I P , where I P,AP are the total currents in the P and AP alignments of magnetizations in the FM electrodes, respectively. 
Results and discussion
Based on the formalism described in section 2, we have investigated the coherent spin-depended transport and magnetoresistance effect of FM/oligophenylene/FM molecular junction. In our considered system, the magnetization orientation (i.e. the spins direction) in the left electrode stays fixed (in the +y direction) but the other right electrode is free and may be switched back and forth by an external magnetic field (in the +y or -y directions) (see figure 1) . Thus, when the magnetizations of two FM electrodes are parallel, spin-up and spin-down electrons see a symmetric structure, while for the anti-parallel alignment these electrons see an asymmetric structure.
We set e i, s = 0, ïh a ï=1.5 eV, N x =N y =5, t=1eV, T=300K, t¢=1.2eV [17] , and consider molecule-toelectrode coupling strength equal to 0.5eV in the calculations.
In figure 2 , we present the transmission logarithm at zero applied voltage for the P and AP alignments for the oligophenylene molecule. Study of this figures (Panels (a) and (b)) shows that each the energy peak in transmission logarithm due to matching of the energy of the incident electron with energy eigenvalue of the molecule. The curves shown an oscillatory behavior when the electrons transport through molecule it means that the molecular levels are quantized. The electrons with spinup or spin-down can transport through the molecule only when a resonance occurs between the molecular level and the incident electronic energy. As a result, resonance peaks are produced, therefore, we can predict that this resonance peaks are a fingerprint of the electronic structure of the molecule.
The calculated current-voltage (I-V) curves for the oligophenylene molecule attached to FM electrodes are shown in figure 3 for P and AP alignment. As can be seen, the current for the P alignment reaches bigger values in comparison with the current for the AP, because of the difference between surface density of states of the FM electrodes for spin-up and spin-down electrons. This difference in the surface density of states of the FM electrodes causes the electrons with P magnetic alignment than electrons with AP magnetic alignment to have a more likely in probability transmission (figure 2). The effect of an applied voltage is that of shifting the chemical potentials of the two electrodes relative to each other by eV, with e the electronic charge. Currents will flow whenever a molecular level (either the highest occupied molecular orbital or the lowest unoccupied molecular orbital) is positioned within such a bias window. The appearing of molecular levels in the bias window when the potential is increased typically leads to changes in the slope and a step-like behavior of the I-V characteristics.
The FM electrodes have unbalanced spin-up and spin-down electrons near its Fermi level, the tunneling channels for spin-up and spin-down electrons are explicitly separated. The electrons with magnetic moment P to the magnetization are electrons of majority-spin, and with magnetic moment AP to the magnetization are electrons of minority-spin. More specifically, in P spin configuration, the majority spin is spin-up and the minority spin is spin-down for both the electrodes, whereas in AP configuration, the majority spin is spin-up on one electrode and spin-down on the other. Consequently, the P arrangement gives much higher total current through the molecule than does the AP arrangement. This difference in the total currents is the origin of TMR effect which has been shown in figure 4 . The TMR ratio has it maximum value (more than 60%) at low bias voltages. With increasing the applied voltage, we rst observe that the TMR decreases and with further increase in the bias voltage, the TMR ratio increases and then, the reduction and enhancement of TMR are repeated. The reason is that with increasing bias voltage the current of tunneling through the junction increases significantly, however, the difference of current for the parallel magnetization alignment from that for alternately anti-parallel magnetization alignment increases only slightly. This leads to the decrease of TMR monotonously with increasing bias voltage. Our results are qualitatively in agreement with the experimental measurements [20, 21] . Finally, in figure 5 we show the changes of the TMR due to the increase the length of oligophenylene molecule in the junction with V=0.5eV. Here we can see that the TMR decrease when length of the molecule increase. The origin of the trend of decreasing TMR reflects the increasing of states in the junction and thus the current is increased. Note the Similar behavior in refs. [22] [23] [24] has been shown that TMR is decreased with increasing thickness of molecule.
Conclusion
Using the NEGF method and within the framework of the tight-binding Hamiltonian model, we have investigated the possibility of making an oligophenylene molecule-based magnetic tunnel junction. 
